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Morphometry of superficial glomeruli in acute hypertension in the rat.
Pressor doses of angiotensin II (All) were infused intravenously in
Munich-Wistar rats to study the effects of acute hypertension on the
structural components of the superficial renal corpuscles and urinary
protein excretion. All administration raises arterial blood pressure by
38% and increases 13-fold the normal rate of urinary excretion of
proteins that contain albumin and IgG. Morphometric analysis of the
quantitative characteristics of the glomerular capillaries reveals a 24%
increase in the mean cross-sectional area of the capillary profiles and a
33% expansion of the capillary luminal volume. The amount of extra-
cellular material present in the mesangium is also increased by 76%.
The surface area of basement membrane available for ultrafiltration
remains constant. However, the length density and the total length of
the filtration slit diaphragms are reduced by 35 and 24%, respectively.
Thus, the major findings of this investigation are as follows: (1) The
presence of IgG in the urine suggests a size defect in the glomerular
filter with All-induced hypertension; (2) the dilatation of capillary loops
may result in mechanical stretching of the basement membrane, altering
the size-selective properties of the glomerular filter in acute hyper-
tension; and (3) the reduced pore area of the filtration slit diaphragms
implies a lower hydraulic conductivity of the glomerular filter that may
be responsible for the decreased glomerular capillary ultrafiltration
coefficient present in this model of hypertension.
Morphométrie des glomérules superficiels tors d'une hypertension
aigue chez le rat. Des doses pressives d'angiotensine II (All) ant été
perfusées par voie intraveineuse chez des rats Munich-Wistar pour
étudier les effets d'une hypertension aigue sur les constituants
structuraux des corpuscules rénaux superficiels et sur l'excrétion
urinaire de protéines. L'administration d'AlI élève Ia pression artérielle
de 38% et augmente 13-fois le debit normal d'excrétion urinaire de
protéines contenant de l'albumine et de l'IgG. L'analyse morpho-
métrique des caractéristiques quantitatives des capillaries glomérulaires
révèle une augmentation de 24% de Ia surface de section transversale
moyenne des capillaries et une expansion de 33% du volume luminal
capillaire. La quantité de matériau extracellulaire present dans le
mésangium est également augmentée de 76%. La surface de la mem-
brane basale disponible pour l'ultrafiltration reste inchangee. Cepend-
ant, Ia densité en longueur et Ia longueur totale des slit-diaphragmes de
filtration sont réduites de 35 et de 24%, respectivement. Ainsi, les
résultats principaux de cette étude sont les suivants: (1) La presence
d'IgG dans les urines suggére un défaut sur Ia taille dans Ic filtre
glomerulaire lors de l'hypertension induite par l'AII; (2) la dilatation des
anses capillaires pourrait rCsulter d'un étirement mécanique de la
membrane basale altérant les propriCtés de selectivité par rapport a Ia
taille du filtre glomérulaire lors de l'hypertension aigue; (3) Ia surface
réduite des pores des slit-diaphragmes de filtration implique une
moindre conductance hydraulique du filtre glomerulaire qui pourrait
étre responsable de la diminution du coefficient d'ultrafiltration capil-
laire glomerutaire present dans ce modèle d'hypertension.
intracapillary pressure [1—5]. Glomerular filtration rate (GFR)
remains constant or decreases because of the lowering action of
All on the glomerular ultrafiltration coefficient, Kf [2, 4—61. Kf
is the product of two factors: the aggregate capillary surface in
the glomerulus and the hydraulic permeability of the capillary
wall [61. A reduced Kf may be attributed to the "contraction"
or "collapse" of glomerular capillary loops [7, 8], a condition
that implies a decrease in the surface area of capillary available
for ultrafiltration [2, 5, 6]. Alternatively, a reduction in length of
the filtration slit diaphragms may decrease the hydraulic con-
ductivity of the filter by limiting the transglomerular passage of
water and solutes [9, 101. All-provoked hypertension is also
associated with a greater glomerular permeability to proteins
[11—151 and accumulation of albumin and IgG in the mesangium
of subcapsular renal corpuscles (RC) [14]. The hemodynamic
alterations indicated above may account for the glomerular
leakage of proteins, although a defect in the glomerular filter
cannot be excluded [3, 11—151.
In this study the changes in the surface area of the capillary
wall and in the length of slit diaphragms have been measured
morphometrically in subcapsular RC following the infusion of
pressor doses of All. These morphological evaluations have
been correlated with the quantitative and qualitative analysis of
urinary protein excretion. Finally, the alterations in the com-
ponent volumes of epithelial, endothelial, and mesangial cells
have been measured to characterize the acute adaptive re-
sponse of the glomerulus in this animal model. The results
demonstrate that All-induced hypertension affects both capil-
lary size and filtration slit diaphragms, suggesting that mechani-
cal stretching of the glomerular filter may contribute to the
genesis of proteinuria in this animal model.
Methods
Twelve adult male Munich-Wistar rats (Simonsen Laborato-
ries, Gilroy, California, USA) were used; they weighed be-
tween 198 and 265 g and had free access to water and to a
standard rat pellet diet. The animals were anesthetized with
sodium pentobarbital (Nembutal, Abbott Laboratories, North
Acute hypertension induced by angiotensin II (All) adminis-
tration reduces glomerular plasma flow and raises glomerular
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Table 1. Effects of All infusion on blood pressure and proteinuriaa
Hyper-
tensive Control
Percent
difference
Number of rats 6 6
Body weight, g 223 17 228 19 —2
Equilibration period
Arterial pressure, mm Hg 123 10 119 11 3
Proteinuria, jig/mm
Left kidney 13.8 4.6 14.0 4.7 —1
Right kidney 15.4 4.3 13.8 2.7 12
All administration
Arterial pressure, mm Hg 168 7 122 15 38b
Proteinuria, jig/mm
Left kidney 228 49 18.3 5.4 1146b
Right kidney 280 127 18.2 59 1438b
a The values represent means so.
b The value represents the percent change that is statistically sig-
nificant at least at P < 0.05.
Chicago, Illinois, USA), 4.5 mg/100 g body weight, injected into
the tail vein; maintenance doses were given as required. Fol-
lowing tracheostomy, polyethylene catheters (PE 50, Clay
Adams, Parsipanny, New Jersey, USA) were inserted into the
right femoral vein for intravenous infusions, left carotid artery
for blood pressure measurements, and both ureters to collect
urine separately from each kidney. After an equilibration period
of saline infusion (0.31 ml/lOO g/hr) for 30 to 60 mm depending
on the urinary flow, six rats were subjected to 1 hr infusions of
synthetic angiotensin amide (Hypertensin, Ciba Pharmaceutical
Company, Summit, New Jersey, USA) dissolved in saline at a
constant rate of 1.7 jig/mm/kg as previously described [14]. Six
animals served as controls and were infused with the same
volume of saline for the same period of time. Arterial blood
pressure was constantly monitored with a fluid transducer
(Sanborn 267 AC) connected to a recording oscillograph
(Hewlett-Packard, Elkhart, Indiana, USA). Urine was sepa-
rately collected in both equilibration and experimental periods
in preweighed micro test tubes, and the volume was determined
gravimetrically.
At the end of infusions the left kidney was exposed and fixed
in situ by dripping a solution of 2% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.3) for 45 mm on the ventral surface. The
accumulation of fixative in the abdomen was prevented by
continuous aspiration. The kidney was then excised and the
fixed cortex cut into approximately 16 to 20 strips, 0.5 to 1 mm
thick, perpendicular to the long axis. The specimens were kept
in fresh fixative for an additional 3 hr, washed in the same
buffer, and stored overnight at 4°C. They were postfixed in
phosphate buffered 1% osmium tetroxide, dehydrated with
acetone, and flat-embedded in araldite,
Sections containing the full thickness of the cortex were cut
at 0.5 jim with an ultramicrotome (MT-l Sorvall, DuPont
Instruments, Newtown, Connecticut, USA) and stained with
methylene blue and safranin. Ultrathin sections were cut with a
diamond knife, stained with uranyl acetate and lead citrate, and
examined in an electron microscope (Philips EM 400).
As a result of this procedure a layer 200 to 300 jim thick of
superficial renal cortical tissue was adequately fixed [161, and
Fig. 1. Double immunodiffusion reactions between unconcentrated
urine (center wells) and antisera to rat serum proteins (wells at 12
o'clock), albumin (wells at 4 o'clock), and IgG (wells at 8 o'clock). The
center wells of slide A are filled with urine from the left ureter of the
same animal before (left) and during All infusion (right). In comparison
with the control period, the urine contains larger amounts of serum
proteins including albumin and IgG during hypertension. Slide B
compares the urine from two different animals [hypertensive (left) and
normotensive (right)], collected during the second period of infusions.
only the RC (subcapsular RC) fully contained in this outer
portion of the cortex were analyzed. By serial sectioning the
embedded slices, a minimum of 12 and a maximum of 18 RC in
each animal were found and their profiles photographed and
printed at a calibrated magnification of x 1,250. The micro-
graphs collected from each individual RC were evaluated with
an interacting tracing device (Videoplan, Carl Zeiss,
Oberochen, Germany) to determine the maximum diameter and
corresponding volume for that particular RC. A total of 162
pictures, each representing a mid-section of subcapsular RC
profiles, 77 from the All-infused animals and 85 from the
control rats, were selected. This sampling was used to compute
the average RC diameter and volume in each animal. These
values were then used to estimate the mean and standard
deviation (SD) of RC diameter and volume in each of the two
groups of animals studied. Because of the small number of
subcapsular RC present in the renal cortex of Munich-Wistar
rats and the impossibility of obtaining an adequate random
sampling of RC profiles, the methodology previously utilized in
other laboratories [9, 17] could not be applied here.
The capillary numerical density (number of capillary profiles
per unit area of glomerular tuft) and the partial volumes
occupied by Bowman's space and glomerular tuft in the RC
were measured in each of the 162 micrographs. The latter
measurement was derived by superimposing on the pictures a
180 x 150-mm morphometric grid consisting of 270 sampling
points. The number of points overlying the urinary space
located outside the external contour of the glomerular tuft was
counted and considered as Bowman's space, while the number
of points touching the glomerular tuft inclusive of the entrapped
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Figs. 2 and 3. Light micrographs of representative cross sections of superficial renal corpuscles less than 200 sm below the renal surface, from
hypertensive (Fig. 2) and normotensive (Fig. 3) animals. After All infusion the glomerular tuft occupies a larger portion of Bowman's space and
exhibits prominent dilation of the capillary ioops that may contain numerous red blood cells. (Stained with methylene blue and safranin, x 220)
urinary space was recorded as the glomerular tuft volume
fraction.
Six RC from each rat were thin sectioned for quantitative
electron microscopic analysis. A total of 360 micrographs, five
from each glomerular tuft, 30 from each animal, were printed at
x8,255 as calibrated with a diffraction grating replica (2,157
lines/mm, Pelco, Tustin, California, USA) and analyzed with a
160 x 255-mm morphometric grid containing 352 sampling
points and 22 line segments each 160 mm in length. The volume
fractions of glomerular tuft components were measured by
counting the points overlying Bowman's space inside the
glomerular tuft; epithelial, endothelial, and mesangial cells; and
capillary lumen, basement membrane, and mesangial extracel-
lular space (ECS). In a previous investigation in the same
animal model immunoenzymatic techniques at the electron
microscopic level were used to identify the large amount of
proteins deposited between the cytoplasmic projections of the
mesangial cells and the mesangial matrix [141. In the present
study ECS includes the mesangial matrix and the proteinaceous
material accumulated in the mesangial region. The boundaries
between these two components are indistinguishable by stand-
ard electron microscopic preparations, thus precluding a sepa-
rate quantitative evaluation. Counts were recorded for points
overlying the lamina fene strata of the endothelial cells and foot
processes of the podocytes. We considered as foot processes all
the cytoplasmic projections from the primary, secondary, and
tertiary trabeculae of the pod ocytes coming in contact with the
basement membrane.
The surface density of glomerular basement membrane (sur-
face area per unit glomerular volume) was measured by the
frequency of profile intersections with the sampling line [18,
191. The numerical density of slit diaphragms that is propor-
tional to their length per unit volume, was obtained by counting
the number of filtration slit diaphragms per unit area of
glomerulus. This figure multiplied by two gives the length of slit
diaphragms per unit of glomerular volume [9]. The mean
cross-sectional area of the glomerular capillaries was deter-
mined by dividing their luminal volume measured at the elec-
tron microscopic level by their length [20, 21]. Capillary length
was derived from their numerical density in the glomerular tuft
determined by high power light microscopic morphometry (see
above) and the reference volume was corrected for the fraction
of Bowman's space entrapped inside the glomerular tuft [21].
The absolute volume, surface, and length of the different
glomerular constituents were determined from the product of
their relative values and the mean glomerular volume in each
animal. The effect of compression artifact occurring during
microtomy was estimated and found to be 0.94 and 0.93 for
thick and thin sections, respectively [211. The measured values
were all corrected as previously described [211.
The protein content in the ureteral samples was quantita-
tively evaluated with the method of Lowry et al [22] after
trichloroacetic acid precipitation. In addition, each sample was
r 
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Fig. 4. Electron micrograph of the mesangium after All infusion. The cytoplasm of the mesangial cells is reduced and characterized by slender
processes that surround expanded extracellular spaces. No appreciable morphologic alteration in the foot processes can be seen. (Stained with
uranyl acetate and lead citrate, x 8,100)
analyzed with agar gel electrophoresis, immunoelectrophoresis,
and double immunodiffusion (Ouchterlony) using polyvalent
antisera to rat serum proteins and monospecific antisera to rat
albumin and lgG (Cappel Laboratories, Cochranville, Pennsyl-
vania, USA). All the results in each table show the mean SD
of values determined for the individual animal in each group.
The statistical significance of differences between the results
was determined by Student's t test.
Results
Body weight, systolic blood pressure, and proteinuria of
All-infused rats and control animals are shown in Table I.
Arterial blood pressure in All-infused rats shows a mean
elevation of 45 mm Hg from baseline values, corresponding to
a 38% increase over that of the controls (P < 0.0001). The rate
of urinary protein excretion measured prior to All infusion is
similar in both groups of animals (left kidney P < 0.95, right
kidney P < 0.5). With All the average amount of proteins in the
ureteral samples increases 12- and 15-fold, respectively, in the
left (P < 0.0001) and right kidney (P < 0.001). The unconcen-
trated urine samples contain small amounts of albumin during
the equilibration period in both rat groups (Fig. 1). The major
component of All-induced proteinuria is serum albumin but
other proteins were also present, including substantial quanti-
ties of IgG. Albumin and IgG in the urine form a single
precipitin line when tested by double immunodiffusion using
appropriate monospecific antisera (Fig. 1).
The superficial lC of both rat groups are well preserved, as
evidenced by distended capillary loops and easily recognizable
cellular components (Figs. 2 and 3). No pathologic changes are
found by light microscopy in the RC of All-infused rats.
However, their capillary lumina contain a larger number of red
blood cells and the glomerular tufts occupy a greater fraction of
the urinary space in comparison with that of controls (Figs. 2
and 3). By electron microscopy the glomerular tuft of All-
infused animals is characterized by capillary lumina filled with
red blood cells and proteinaceous material, by intact endothelial
cells, and by podocytes containing a large number of dense
bodies, but without evident modifications in foot process or-
ganization. The mesangial cells are surrounded by a conspicu-
ous amount of electron dense material that is difficult to
distinguish from the mesangial matrix (Figs. 4 and 5).
The effects of All-induced hypertension on the structural
constituents of the superficial RC are summarized in Tables 2
and 3. Hypertension does not significantly change the estimated
volumes of superficial RC in comparison with control values (P
< 0.3, Table 2). The relative and absolute volumes of the
:3.
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Table 2. Effects of All administration on the volumes of subcapsular renal corpuscle constituents
Percent
Hypertensive Control difference
RC volumes, m3 x J0 1195 131 1093 143 9
Volume percentage of
BS outside glomerular tuft 14.4 3.1 17.3 2.5 —17
BS inside glomerular tuft 9.5 3.1 12.1 2.7 —21
Glomerular tuft 76.1 4.7 70.7 3.8 8
Volume of BS, m3 x 10 286 64 321 73 —11
Volume of glomerular tuft, ,im3 x I0- 909 115 772 109 18
Abbreviation: BS, Bowman's space. See footnotes to Table 1.
a The values represent means SD.
The value represents the percentage
significant at least at P < 0.05.
Table 3. Effects of All administration on the relative composition of Table 4. Effects of All administration on the absolute volumes of
glomerular tuft constituentsa glomerular cells and mesangium (rm3 x l0_3)a
Percent
Hypertensive Control difference
Volume percentage of
Epithelium 29.6 1.8 30.8 1.1 —4
Nucleus 6.3 0.82 5.8 0.83 9
Cytoplasm 59.1 1.9 61.7 0.92
Foot processes 34.7 2.1 32.5 1.4 7
Basement membrane 4.2 0.68 4.9 0.51 —14
Endothelium 10.6 1.3 11.9 0.96 —11
Nucleus 35.2 2.8 32.2 1.5 9
Cytoplasm 39.8 2.9 46.1 2.9
Lamina fenestrata 24.9 3.5 21.8 3.1 14
Capillary lumen 39.3 2.2 34.8 1.6 13
Mesangium 16.3 1.1 17.6 0.98 —7
Cells 11.4 1.4 14.4 1.1
Nucleus 28.8 2.5 25.2 2.1 14b
Cytoplasm 71.2 2.5 74.8 2.1
Extracellular space 4.9 0.97 3.2 0.48 53l
Percent
Hypertensive Control difference
Epithelial cells 269 38 238 34 13
Nucleus 17 3 14 3 21
Cytoplasm 159 23 147 21 8
Foot processes 94 14 77 11 22
Endothelial cells 96 17 92 13 4
Nucleus 34 6 30 4 13
Cytoplasm 38 7 42 7 —10
Lamina fenestrata 24 5 20 4 20
Mesangium 148 21 136 19 9
Cells 104 16 111 16 —6
Nucleus 30 5 28 5 7
Cytoplasm 74 11 83 12 —11
Extracellular space 44 8 25 76b
change that is statistically
glomerular tuft and urinary space demonstrate small, insignifi-
cant variations (Table 2).
The volume fractions of the different glomerular constituents
are shown in Table 3. The largest glomerular component, that
is, the capillary lumen, increases significantly (P < 0.005)
during hypertension. An additional and even larger effect of
hypertension is the expansion of the mesangial ECS (P < 0.01)
that is accompanied by a significant reduction of the adjacent
mesangial cell fraction (P < 0.005). No significant changes are
seen in the other glomerular structural components (Table 3).
When multiplied by the mean glomerular volumes (Table 2),
the relative glomerular compositions (Table 3) are translated
into the absolute quantities per glomerulus listed in Table 4. The
absolute volume of epithelial cells, endothelial cells and mesan-
gium with their respective subdivisions is unaffected by All
treatment, whereas the extracellular material in the mesangium
is significantly increased (P < 0.005). The effects of All
administration on the glomerular capillary characteristics are
listed in Table 5. Hypertension markedly increases capillary
a The values represent means SD.
b The value represents the percent change that is statistically sig-
nificant at least at P < 0.05.
luminal volume (33%, P < 0.01) by inducing a significant
dilatation of the capillaries as demonstrated by the 24% increase
in capillary mean cross-sectional area (P < 0.01), with only a
minor change in the aggregate length of the capillary network
(8%, P < 0.2). The larger capillary luminal volume, however,
does not alter the absolute surface area of the basement
membrane (Table 5). In contrast, the total length of the filtration
slit diaphragms is significantly reduced after All administration,
(—24%, P < 0.05, Table 5).
Discussion
The present study indicates that acute hypertension induced
by All administration significantly increases urinary protein
excretion and affects subcapsular RC components by enlarging
the average capillary cross-sectional area, by decreasing the
length of the filtration slit diaphragms, and by altering the
amount of extracellular material present in the mesangium.
These changes have been detected in subcapsular RC that were
fixed in situ by dripping fixative on the kidney surface in vivo
without interference with blood supply, during a period of time
in which All was continously infused and arterial blood pres-
sure monitored. Thus, they should represent the morphologic
counterpart of the effects of the vasoactive agent on the RC,
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Fig. 5. Eleciron micrograph of a mesangial cell with an irregular nuclear profile. Note the electron opacity of the dilated extracellular space.
(Stained with uranyl acetate and lead citrate, x21,000)
Table 5. Effects of All administration on the average capillary characteristicsa
Percent
Hypertensive Control difference
Capillary
Luminal volume, /.Lm3 X iO 358 49 269 38 33b
Cross-sectional area, ,am2 29.1 2.9 23.5 2.6 24b
Length density, mm2/mm3 13.6 1.1 14.8 1.4 —8
Length, mm 12.32 1.85 11.39 1.95 8
Basement membrane
Volume, m3 X 1O 38 8 38 5 0
Surface density, mm2/mm3 291 16 303 17 —4
Surface area, mm2 0.265 0.037 0.234 0.036 13
Slit diaphragm
Length density, rn/mm3 689 78 1064 113
Length, mm 627 107 822 146
a The values represent means SD.
b The value represents the percent change that is statistically significant at least at P < 0.05.
either as a direct influence and/or as a result of its pressor amounts of Al!, either intravenously [1—61 or directly into the
action. renal artery [41, leads to a reduction of glomerular plasma flow
The mechanism by which All-induced hypertension signifi- with a pronounced rise in glomerular intracapillary pressure
cantly increases the luminal volume of glomerular capillary [1—6]. Thus, the dilatation of glomerular capillaries as well as
loops seems to depend on the action of the peptide on the renal the large number of red blood cells trapped in their lumina
cortical microcirculation. Infusion of pressor and subpressor found here, may result from a combination of the reduction in
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glomerular blood flow and the increased intracapillary pressure.
In addition, the morphological findings are compatible with
evidence that All affects glomerular hemodynamics by increas-
ing the prevalent resistances of glomerular efferent arterioles [1,
2, 4, 6, 231.
The defective glomerular permeability in this model of hyper-
tension has been attributed to All-induced renal hemodynamic
perturbations [3, 6]. All enhances the driving forces for diffu-
sion of macromolecules across the glomerular filter by reducing
glomerular plasma flow [3]. Thus, the clearance of molecules of
the size of albumin may increase without changes in the
permeability properties of the capillary wall [3, 6]. Based on the
recently described theoretical model for glomerular filtration of
macromolecules, a twofold increase in the glomerular filtration
of albumin may be expected after All administration [24].
However, the amount of proteinuria found in the present study
largely exceeds the anticipated value. Furthermore, the sig-
nificant glomerular leakage of IgG molecules (molecular weight,
150,000) cannot be explained by hemodynamic factors alone,
but rather seems to imply a defect in the size-selective proper-
ties of the glomerular barrier to proteins. This hypothesis is also
supported by the absence of defects in the fixed anionic charges
in the capillary wall and by the altered glomerular permeability
to native ferritin (molecular weight, 500,000) following All-
induced hypertension [15]. The dilatation of the capillary loops
observed here may exert a stretching action on the glomerular
basement membrane resulting in a larger pore size, with defec-
tive sieving characteristics of the filter.
Despite the hemodynamic alterations, GFR in the
subcapsular RC is practically unchanged by All infusion [1, 2,
6]. The maintenance of a nearly constant GFR has been
attributed to a significant reduction of the ultrafiltration co-
efficient, Kf [2, 4, 5]. Since Kf is the product of the capillary
surface area and the hydraulic conductivity of the glomerular
filter [6], a decreased surface area of the glomerular capillary
available for ultrafiltration has been postulated to account for
the fall in Kf [2, 4]. In the present investigation, however, the
total surface area of glomerular basement membrane was in-
creased 13%, but this change was not statistically significant.
The hydraulic conductivity of the glomerular capillary wall to
water and solutes is at least in part controlled by the complex
structural organization of the slit diaphragms distributed be-
tween adjacent foot processes [9, 25, 26]. The observation of a
significant reduction of the total length of the filtration slits, if
the dimensions of their porous substructure remains constant,
suggests a corresponding decrease in their total pore area in
hypertension. Although caution should be taken in attempting
to correlate morphological findings with functional changes, the
present results seem to suggest that the underlying defect in Kf
reduction depends on the low hydraulic conductivity of the
glomerular filter. This alteration appears to result from the
smaller pore area for filtration of the slit diaphragms. Whether
this alteration is a direct effect of All-induced hypertension, or
it follows glomerular capillary dilatation or food process swell-
ing in the presence of proteinuria, remains to be determined. A
reduction in the length of slit diaphragms can be expected in
other glomerular diseases where foot processes are fused and
proteinuria occurs [27—29]. These structural and functional
glomerular lesions have been found to be associated with a
marked reduction of Kf [30].
The quantitation of the mesangial lesions produced by All
administration together with previous observations on glomer-
ular permeability [14], provide evidence that hypertension
affects the mesangium, leading to expansion of the extracellular
space. The rearrangement of the mesangium can be achieved by
the greater pressure gradient at the interface between capillary
lumen and the endothelial/mesangial components, resulting in
an increased passage and accumulation of proteins. Mesangial
cell contraction may also be responsible for the development of
such lesions because these cells possess All receptors [31] and
are able to contract in response to vasoactive agents in vitro
[32]. Both mechanisms acting synergistically may contribute to
the development of the mesangial damage.
In conclusion, the present study demonstrates that acute
(All-induced) hypertension is characterized by the absence of
qualitative structural changes in the glomerular capillary net-
work. However, on a quantitative basis significant alterations
occur in both the size of glomerular capillaries and the length of
slit diaphragms. These morphometric results may explain, at
least partially, the defective ability of the glomerular filter to
restrict the passage of proteins and the decreased hydraulic
conductivity of the capillary wall in hypertension.
Acknowledgments
This work was supported in part by United States Public Health
Service Research Grant HL 23603 from the Heart, Lung and Blood
Institute of the National Institutes of Health. The authors thank Drs. P.
Anversa and A. V. Loud for discussion and criticism. Mrs. M. Fletcher
prepared the manuscript. Dr. G. Olivetti's present address is Istituto di
Anatomia ed Istologia Patologica, University of Parma, Italy.
Reprint requests to Dr. J. Wiener, Department of Pathology, 9374
Gordon H. Scott Hall, School of Medicine, Wayne State University,
540 East Canfield, Detroit, Michigan 48201, USA
References
1. MYERS DB, DEENMW, BRENNER BM: Effects of norepinephrine
and angiotensin II on the determinants of glomerular ultrafiltration
and proximal tubule fluid reabsorption in the rat. Circ Res
37:101—110, 1975
2. BLANTz RC, K0NNEN KS, TUCKER BJ: Angiotensin II effects upon
the glomerular microcirculation and ultrafiltration coefficient of the
rat. J Clin Invest 57:419—434, 1976
3. BOHRER MP, DEEN MW, ROBERTSON CR, BRENNER BM: Mecha-
nism of angiotensin Il-induced proteinuria in rat. Am J Physiol
233:Fl3—F2l, 1977
4. ICHIKAWA I, MIELE iF, BRENNER BM: Reversal of renal cortical
action of angiotensin II by verapamil and manganese. Kidney mt
16:137—147, 1979
5. STEINER RW, BLANTz RC: Acute reversal by saralasin of multiple
intrarenal effects of angiotensin II. Am J Physiol 237:F386—F39l,
1979
6. BRENNER BM, BOHRER MP, BAYLISS C, DEaN WM: Determinants
of glomerular permselectivity: Insights derived from observations
in vivo. Kidney mt 12:229—237, 1977
7. HORNYCH H, BEAUFILS M, RICHET G: The effect of exogenous
angiotensin on superficial and deep glomeruli in the rat kidney.
Kidney mt 2:336—343, 1972
8. HORNYCH R, RICHET G: Dissociated effect of sodium intake on
glomerular and pressor responses to angiotensin. Kidney mt
11:28—34, 1977
9. SHEA SM, MORRISON AB: A stereologic study of the glomerular
filter in the rat. J Cell Biol 67:436—443, 1975
10. VENKATACHALAM MA, RENNKE HG: The structural and molecular
basis of glomerular filtration. Circ Res 43:337—347, 1978
38 Olivetti et al
11. PESSINA AC, PEART WS: Renin induced proteinuria and the effects
of adrenalectomy. I. Haemodynamic changes in relation to func-
tion. Proc R Soc Lond [BioI/ 18:43—60, 1972
12. EISENBACI-I GM, VANLIEW JB, BOYLAN JW: Effects of angiotensin
on the filtration of protein in the rat kidney: A micropuncture study.
Kidney mt 8:80—87, 1975
13. BAUMAN JW: Corticoid effects on angiotensin- and norepinephrine-
induced proteinuria in rat. Am J Physiol 237:F133—F137, 1979
14. OLIvETTI G, KITHIER K, GIACOMELLI F, WIENER J: Glomerular
permeability to endogenous proteins in the rat. Effects of acute
hypertension. Lab Invest 44:127—137, 1981
15. OLIVETTI G, KITHIER K, GIACOMELLI F, WIENER J: Characteriza-
tion of glomerular permeability and proteinuria in acute hyper-
tension in the rat. Kidney mt 25:599—607, 1984
16. MAUNSBACH AB, MADDEN S, LATTA H: Variations in fine struc-
ture of renal tubular epithelium under different conditions of
fixation. J Ultrastruct Res 6:511—530, 1962
17. FULLMAN RJ: Measurement of particle sizes in opaque bodies.
Trans Am Inst Mm, Metal! Pet Eng 197:447—452, 1956
18. LOUD AV: A quantitative stereological description of the ultra-
structure of normal rat liver parenchymal cells. J Cell Biol
37:27—46, 1968
19. WEIBEL ER: Stereological principles for morphometry in electron
microscopic cytology. mt Rev Cytol 26:235—302, 1969
20. OLIVETTI G, AN VERSA P, RIGAMONTI W, VITALI-MAZZA L, LOUD
AV: Morphometry of the renal corpuscle during normal postnatal
growth and compensatory hypertrophy. A light microscope study.
J Cell Biol 75:573—585, 1977
21. OLIVETTI 0, ANVERSA P, MELISSARI M, LOUD AV: Morphometry
of the renal corpuscle during postnatal growth and compensatory
hypertrophy. Kidney tnt 17:438—454, 1980
22. LOWRY OH, ROSENBROUGH NJ, FARR AL, RANDALL RJ: Protein
measurements with Folin phenol reagent. JBiol Chem 193:265—275,
1951
23. EDWARDS RM: Segmental effects of norepinephrine and angio-
tensin II on isolated renal microvessels. Am J Physiol
244:F526—F534, 1983
24. DEEN WM, SATVAT B: Determinants of the glomerular filtration of
proteins. Am J Physiol 24l:F162—Fl70, 1981
25. RODEWALD R, KARNOVSKY MJ: Porous substructure of the
glomerular slit diaphragm in the rat and mouse. J Cell Biol
60:423—433, 1974
26. KARNOVSKY MJ: The ultrastructure of glomerular filtration. Ann
Rev Med 30:213—224, 1979
27. RYAN GB, RODEWALD R, KARNOVSKY MJ: An ultrastructura!
study of the glomerular slit diaphragm in aminonucleoside
nephrosis. Lab Invest 33:461—468, 1975
28. RYAN GB, KARNOVSKY Mi: An ultrastructural study of the mecha-
nisms of proteinuria in aminonucleoside nephrosis. Kidney mt
8:219—232, 1975
29. PINTO JA, BREWER DB: Combined light and electron microscope
morphometric studies in acute puromycin aminonucleoside
nephropathy in rats. J Path 116:149—164, 1975
30. BOHRER MP, BAYLISS C, ROBERTSON CR, BRENNER BM: Mecha-
nisms of the puromycin-induced defects in the transglomerular
passage of water and macromolecules. J C/in Invest 60:152—161,
1977
31. OSBORNE Mi, DROZ B, MEYER P, MOREL F: Angiotensin II: Renal
localization in glomerular mesangial cells by autoradiography.
Kidney mt 8:245—254, 1975
32. AUSIELLO DA, KREISBERG ii, Roy C, KARNOVSKY Mi: Contrac-
tion of cultured rat glomerular cells of apparent mesangial origin
after stimulation with angiotensin II and arginine vasopressin. J
Clin Invest 65:754—760, 1980
